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Searching for Earth 2.0s Is the Next Major Step

Earth 2.0s are the holy grails!

The next
major step

Discovery of a hot Jupiter around a - ' G,
sun-like star, 51 Peg in 1995 \ '

EARTH EARTH 2.0?
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“for the discovery of an exoplanet |

oring asoa-ype st | * How do planets form?

Earth 2.0s: Earth-like planets (0.8-1.25R ) around Solar-type Stars



Earth 2.0°s Key Properties

Key factors to confirm an Earth 2.0: Asthenosphere

 Rigid mantle

Continental crust (gl
Oceanic crust (basaitic) “ 4
i

1. At a proper distance (1AU) potentially with liquid | ,
water on Its surface (habitable zone) = Orbital period 5

2. Proper surface (rocky) and inner structure (such as ‘ ~ Atmosphere

Continent < Hydrosphere

tectonic motion and magnetic field) = Mass, Size and Ocean
Density

« Earth 2.0:Mass ~ 0.5-2M

3. Planetary atmosphere has a proper amount of molecules . Super Earths: I\/Iass~2-106?\/l

such as water and oxygen =>Atmosphere spectra

Earth 2.0s: Earth-like planets (0'8'1'25Rea) around Solar-type Stars



Current Exoplanet’s Landscape (https://exoplanetarchive.ipac.caltech.edu/)

Planet Mass(Earth mass)
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No Earth 2.0s have been
Identified yet!

Two methods can
potentially detect Earth
2.0s: Transit and RV
methods

Microlensing technique
can also detect cold
terrestrial planets
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Two Popular Methods Capable of Detecting Earth 2.0s

Transit Method RV Method

Detection threshold: Detection threshold:
Ratio of Earth to Sun’s area (~10) Ratio of Earth to Sun’s mass (~10°)

o . . _ « Earth 2.0’s signal very weak, requiring ultra-high precision
Earth 2.0’s transit signal is weak, requiring ultra-high (~0.1 m/s)
precision photometry (~34ppm) - Stellar activities are major limitations to reach this required
Space photometry required to detect Earth 2.0s precision. The best, ~0.3 m/s achieved by ESPRESSO on VLT,

Kepler and TESS have achieved ~29 ppm and 30 ppm challenging for searching for Earth2.0s, but OK for confirming
for stars with magnitudes of 12 and 6.5, respectively transit signals with known periods

Transit surveys capable of searching for millions of stars .,  |nefficient for searching for Earth 2.0s as a single object

simultaneously, increasing detection chance! instrument, requiring over 400 measurements for detecting
multi-planetary systems



It is.v'e'r.y Challenging to Detect Habiféble Earth-like Plan._éts (Earth 2.0s)

" Simulate Earth2.0 Transit Signal
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« - Sun-like stars have orbital pe'ridds of ~1 year, requiring

“+ RV signals are very small (~0.1m/s), requiring
Doppler measurements | -
TranS|t signals are extremely weak (84 ppm) requmng




Doppler Method for Detecting Exoplanets

Doppler Shift due to BE

Stellar Wobble
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The 1.93 meter telescope at the Haute-
Provence observatory with a high-
resolution optical spectrograph
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A 0.5 Jupiter mass planet
with a 4-day period



2 _.A'P.Otential labitable 1.3 Earth-mass pIanet with a Period of 11. 2 days erbrtrng
SN Proxima Centaurl (O 12 solar Mass, 4.2 Ilght years)
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http://www.nature.com/news/nature-s-10-1.21157

"Dharma Planet Survey of nearby solar type stars for low-mass 'p‘Ian.ets

40 Erldanl . B
16 Ilght year o

TOU high resolution spectr{ograph |
Long-term thermal stability(~1mK)

Artist’s impression of ulcan planet around 40 Er|dan| X
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NEW .staté-of-the-'art high precision' Doppler spectrograph: EOSPRESS'Q 2

VLT 8 m telescopes
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‘_NASAfKepIer_ Space Mission ('200-9-2.018)
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Transit method

°O 95 meter Wrde freld telescope to
monrtor the same sky field.for 4
years to detect transiting planets

mcludmg habitable Earth- like.. ix_‘-"-. |
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planets around solar type stars
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Kepler Space I\/Ilssmn (2009 2013 NASA)

One of the main science objectlves

W

'*3\ FOV 1b541uare degrees 5 SoEHIETh
E Obser‘ve 170 OOO FG KM dwarfs for 4 years .
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' Th_reé transiting habitable Earth-size p.lanets orb.it'ing.a M Dwarf, T'rappist-l

. 60cm TRAPPIST telescope.in Chile
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Three habltable Earth-slze planets orbltlng the M vaarf Trapplst 1 (O 08 solar mass b 7

~41 Ilght years) (Gillon et al. 2017)

TRAPPIST-1 System

[llustration

g~

- A — :”"‘*"-”
*'Trapplst 1 e f g O 69 1:04 and 1. 35
Earth masses qabltable planets: 1[

Orbrtal -per_locs 6. 1 9 2 and 12, A\iays PLANET HOP .

https://exoplanets.nasa.gov/trappistll



for life on habitable planets around low-mass M dwarfs , -
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T|daI Iocklng makes one side dry and hot whlle the othet:: v = 7w N

S|de poss1b|y covered by ices, which is not hospltal to Ilfe A ROR A e .

. f. .,‘; :‘." “\ fOrmatlon and evolutlon T et g, w3 2 ) M dwa[‘fS have Super ﬂal’es (lnCIUdlng "

Fa T Pet2Es ) N gt o A e UV) with ~10- 1000 times power ot the |
) Lunar B A - —

.sun, whlch may k||| aII llves

rotation

Habltable enV|ronme’nts around M dwarfs are much more extreme than our soIar system

Peak of the I\/I dwarf radlatlon IS at ~1 um (Sun at 0. 5 um) Ilfe Would be very dlfferent from
Earth if. eX|st|ng AR . : . |



Habitable pl_anet candida‘tesja'round ,splér type stars d iscovered by Kepler: ,.,'f
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(s Can super-Earths host I|fe7
| ."'j.-'f? Super-Earths Wlth more than 2 Earth Masses
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~ Searching for additional small planet signals in Kepler data with Al-
; GPU Phase Folding and CNN (GPFC) - "= "7 . ;
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Searchlng for additional small planet S|gnals In Kepler data Wlth AI
GPU Phase Folding and CNN (GPFC)

Speed of BLS vs. GPFC

BLS Speed vs. Number of Frequencies

GFPC: 6s, ~1000 times faster

. The Receiving Operating Characteristic
cu,rves' for-GPFC and BLS (W|th 20,000

Accuracy: GPFC vs. BLS (SNR=7)
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| Sea’rching for additional small planet signahl.s In Képler da't.a"vvi.th Al.

I'l| around a G subgiant
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Searching for additional s

Planet discoveries for all type host stars

GPU.Phase Folding and CNN (GPFC) -
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Planet discoveries for F dwarf host stars

Confirmed Kepler Planets
New discoveries

Orbital period [d]

Planet discoveries for K dwarf host stars
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Planet discoveries for subgiant and giant host stars
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Current planet
| Iandscape

. Surprlsmg dlscoverles
= - ~1/3 solar type stars host super= .
. Earths and sub-Neptunes -> . -~
= Only-habitable Earth-size--
planets’around M dwarfs: - *

-
-

Jupiter & Major Moons

TRAPPIST-1 System

Planet Més's(Ear't'h 'mﬁa.s's)

ﬁ .r — I : SUn ® ) G d e ’f g h
M i C ro | e n S i n M) Inner Solar System
Imaging e L S Vs s

Period(day)

Is:Earth al'onef?;_. ,



ET Mission Overview

Transit
Star
Qlan%) >
{ e Light curve

Six 30-cm wide
field telescopes
for transit
survey
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One 35-cm
telescope for
microlensing

Monitoring 1.2 M FGKM dwarfs in the

Kepler and its nearby field for 4 years Monitoring 30M stars in the galaxy

bulge simultaneously with the KMTNet

Scientific goals

 The first Earth 2.0 L 2 halo orbit « Cold planets including free-floating
* Origin of Terrestrial planets planets & their origins
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Photometry precision and target number
- determine the ET design

o Photometry precision determlned by photon Instrument and stellar

: Golden targets qulet sun—llke 5
| stars T S
- Target'number depends on magnLtude I|m|t
. and FOV. '

e Big FOV and deep depth

act|VIty n0|ses
2 ;Photon noise depends on aperture size
7 Ir)strument nmse correlated Wlth readout n0|se and thermal stablllty

>
i
Weigted - « ! Typical ma n|tude ~13 ma
i g?‘j%tars have tower steIIar noises i A s Q ( 9)

Precision: 44 ppm
Golden targets: ~ 2500

Large apertu're

Precision : 34 ppm
Golden targets: ~ 30000

Kepler:. 8 ET: PLATO:
Aperg 93Cm Aper: 6x30cmijequiv. aper. 73cm | - | Aper.. 24x12cm

Precision: 105 ppm

| Golden targets: ~ 5000

Aperture size, FOV, precision and target num. optimizéd . _Big FOV..




End-to-End Simulations of Kepler and ET Photometry Comparison

6.5 hr CDPP

ET & Kepler simulated photometry error budget

100 -

10 A

g.é - = Kepler simulation
- ET simulation

« Kepler Input Catalog CDPPs

Key iImprovement

over Kepler:

 Read noise ~4e- vs.
86 e

« Temperature
control: <0.5°C vs
~10 °C

| | | | | ! |l

9 10 11 12 13 14 15
Kp Mag

16
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Planet discovery history and ET predictions
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Source: exoplanetarchive.ipac.caltech.edu

ET-Transit:0

Credit: Hui & Jian @ SHAO

Transit:0 RV:0

ET-u-lensing:0

PSR B1257+12c: the First Exoplanet around Pulsars (1992/1) |
Earth ;

Year: 1992/01

p-lensing:0 Astrometry:0
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ET Key Science Goals

« To discover ~5000 terrestrial like
planets, increased by ~14 times of
known ones, Including ~17 Earth
2.0s, with orbital periods from ~

day to
space;

~100 years, and interstellar
to obtain masses for ~700

planets via TTVS

~detect ~30K exoplanets,

Increased by ~6 times

Key science guestions:
 How common are habitable

Earth-
arounc

Ike planets orbiting
solar-type stars?

e Howo

0 Earth-like planets form

and evolve?

* What is the mass function and
likely origin of free-floating low-
mass planets?



ET Key Sciences: the First Earth 2.0, Terrestrial Planet Formation, Cold Planets
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Huge uncertainties in n@measurements

Qian+Wu (2021)

s Work (w/ Reliability)
al. (2019) (Model #4) 1
al. (2019) (Model #6) -
Hsu et al. (2019) 1
Bryson et al. (2019) 1
(2019) (w/ Reliability) 1
Zink et al. (2019)
Garrett et al. (2018) 1
pparapu et al. (2018) 1
Mulders et al. (2018) A
Burke et al. (2015) 1
1-Mackey et al. (2014) 4
Petigura et al. (2013)
Dong & Zhu (2013) A

Youdin (2011) 1
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e
Kunimoto+Matthews’20

— ET Is expected to detect the first Earth 2.0!

— Assuming nearth=10%, we expect to detect 17-41 Earth 2.0s in 4-8yrs
— Accurately measure n
— Host stars in the range of ~10-15mag can be followed up to characterize
them




Transif FoV

Solar-like star
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ET Transit Survey + Follow-ups Optimal for Detecting Earth 2.0s

/" ET transit su rveﬁ

{ Light curve

[ Earth 2.0 candidates }

Measurements of Mass, Radius and Density

1.0 earth mass, S/N: 210, 1 obs per day
. +: V=15mgdg, 180min
Y 2 A
" - ¢ Y L3 IS
oo B, (Xl y

~\

i Earth 2.0’s Key Parameters J

RV follow- up
. observations

LI\/Ieasurements of masses with TMT telescope

systems with measurable TTVs
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ET Key Sciences: the First Earth 2.0, Terrestrial Planet Formation, Cold Planets

— EXpect to detect ~5000 terrestrial like planets
(~14xKepler), help understand how terrestrial
planets including Earth forms
« Measurements of occurrence rates, populations,
orbit parameters, and environments
15000 — e * Followup characterization: density,
— atmosphere compositions, habitability etc.

10000 — ~30000 planets(~6x known), for testing planet

formation and evolution models

5000 e ~700 planet mass measurement via TTVs
« ~1000 solar like planet systems (~100x known
=342 1033 systems)
Sub-Earths  super-Earths ub-Ne{)tune? _ ET * Tens of exomoons, exorings and exocomets
Jupiters Kepler  Planets around stars with different mass, age

(main sequence, giants, even WDs) ,
metallicity, environments (including binaries)
and origins (such as halo, thin and thick disks,
bulges etc).

« ~8000 asteroids




ET Key Sciences: the First Earth 2.0, Terrestrial Planet Formation, Cold Planets

— EXpect to detect ~5000 terrestrial like planets
(~14xKepler), help understand how terrestrial
planets including Earth forms

» Measurements of occurrence rates, populations,

20 5 337 GGl RN 8 b T o i BT Prodicons [ [ orbit parameters, and environments
5o PR S T G AN Kepler Discoveriesl {4 7000 » Followup characterization: density,
ml1gi o SR B e A RN SRR 11 es00 atmosphere compositions, habitability etc.
= g e | (86000
-(.% ) e | b 506 - ~3QOOO planets(~€_3x known), for testing planet
| 1., |formation and evolution models
3 s il . » ~700 planet mass measurement via TTVs
gk % §o RN  ~1000 solar like planet systems (~100x known
1.25 g : e systems)
R e L SPoTa Rl e - Tens of exomoons, exorings and exocomets
e, B3 e T XIRIE S e  Planets around stars with different mass, age
05} | - ' = = = o dopg 2 (main sequence, giants, even WDs) ,
Orbital Period / day metallicity, environments (including binaries)
and origins (such as halo, thin and thick disks,
bulges etc).

 ~8000 asteroids




ET Key Sciences: the First Earth 2.0, Terrestrial Planet Formation, Cold Planets

v T
' "o ET opt. with simultaneous -
* ground-based observations
FOV=4sqd '

ALy
o) -

— To date only ~ 12 free-floating planet candidates, ~ 150 cold planets, ter 'i’f
only ~ 25 with mass measurements n

— ET will have comparable yields to Roman, over 10x known cold and :
free-floating planets B 7
— ET will observe with the ground-based KMTnet to measure masses for | , -j""-" "“_
~1/4 number of planets using parallaxes R I |

— Expect to have breakthroughs in studying cold/free floating planets. BN IR TN
s i) RGOS 7=, 5 4
s N
- ] ] ] 7 .‘. =.._ .' . .-|.=. .'. :1...'.,.‘.;..: ..: -...::... -; 4 o.__,
ET microlensing vs. Roman microlensing B S
Free-floating
Time Orbit |Diameter Observing Cadence Mag Limit Target C(?Id planets Cgld Earths olanets
time (days) (6=0.2mag) | number | (with masses) | (with masses) i meeses)
ROMAN 2027- 4 15min H<24.0 1.7x108 ~650(~160) ~60(~15) ~900(~20)
ET (4yrs) 2027- L2 35cm 730 10min 1<20.9 3.5x10’ ~430(~130) ~40(~12) ~600(~150)

ET (8yrs) ~860(~260) ~80(~24) ~1200(~300)
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ET will be the first exoplanet space mission in China
» Key science objectives: :
 To potentially discover the first habitable Earth like planets around sun-like stars; to provide candidates
for follow-up biosignature observations and characterization

- '.‘-“o '.., 3
-t > e

WFIRST

Exoplanet

Missions

s New .
;‘,!' Worlds
Telescope

Habitable Exoplanet Imager
LUVOIR

Missions | -




ET Development Plan

The ET spacecraft is expected to be launched in 2026

Phase Duration Time
(month) (Assume bhace ALB. 19 month
T0=2022/3/31) T FRase ATE, Lo Months
-
Phase C, 21 months
Phase A+B 12 2022/4-2023/3 M —
Phase D, 23 months
Phase C 21 2023/4-2024/12 ——
Phase D 24 2025/1-2026/12 Phase El'_ 6 months
Phase E2, 48 months
Phase E1 6 2027/1-2027/6 R R
(Launch and Phase E3, 48 months

transfer) : '
Phase E2 48 2027/7-2031/6

(Mission)

Phase E3 48 2031/7-2035/6

(Extended)




summary

No Earth 2.0s have been identified yet!
Transit method is the most promising one to potentially detect Earth 2.0s

ET Is expected to detect ~17 Earth 2.0s while follow-up of some Earth 2.0s around bright solar
type stars may be able to detect biomarkers in transit planet atmosphere

ET is expected to detect ~30,000 planets, including 5000 terrestrial planets, and ~1000 cold

and free-floating planets, and provide ~1/4 number of mass measurements for free-floating
planets with simultaneous observations with KM TNet
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